The tree Gmelina arborea has been widely introduced in Costa Rica for commercial purposes. This new conditions for melina cause variations on anatomy in secondary xylem of the trees growing in plantations. The objective of the present research was to determine the variation in the anatomy of xylem caused by the ecological conduction variation. Dimensions of fiber, axial parenchyma percentage of cross sections, parameters of vessels and the ray were measured. The results showed that some anatomical characteristics remained stable despite variations of ecological conditions, especially radial parenchyma and anatomical features which were less affected by the altitude. On the other hand, the vessels, axial parenchyma and fiber were less stable because they were affected significantly by the longitude, latitude, altitude and precipitation. Latitude significantly affected vessel percentage, length and diameter of the fiber and lumen. Longitude affected vessel percentage and fiber diameter. Altitude had a significant correlation with the amount of cells at ray height. Annual average precipitation affected vessel percentage and diameter, not only of the fiber, but also of the lumen. These results suggest that the new growth conditions of G. arborea trees in Costa Rica have produced an anatomic adaptation. Rev. Biol. Trop. 56 (2): 689-704. Epub 2008 June 30.
Variation in the wood anatomical structure of Gmelina arborea (Verbenaceae) trees at different ecological conditions in Costa Rica has been grown in a different precipitation level, temperature and fertility sites (Alfaro and De Camino 2002) . In Costa Rica, G. arborea is planted in a variety of sites and growth conditions for the production of raw material for sawlog (Alfaro 2000 , Moya 2004 ).
The anatomical structure of secondary xylem is composed by different types of woody cells (vessel, fiber and radial and axial parenchyma), whose origins are in vascular cambium (Plomion et al. 2001) . During their formation these cells are affected by many factors such as site, ecological conditions, management, genetics, and age for trees growing in plantation conditions (Zobel and van Buijtenen 1989) . The anatomical features are modified within trees during their growth in order to adjust Gmelina arborea (melina) was introduced into reforestation programs in countries such as Myanmar and Bangladesh on early twentieth century. By the end of this century, the species had been introduced in several areas of the American tropical countries, Africa, and Asia (Douay 1956 , Kalish 1975 , Hornick et al. 1984 . Reforestation with this species is oriented to the production of raw material for sawlog, energy, and pulp production (Dvorak 2004 ). This artificial migration includes regions that vary from 100º W to 180º E latitude and from 23º N to 40º S longitude (Fig. 1) . The introduced sites have different ecological conditions compared to its natural habitat in Asia, mainly the ones related to the geography and precipitation. In Central America, for example, melina physiologic and water stress, then they maintain the existence of the species (Baas 1982 , Metcalfe 1989 ).
For melina, many studies indicate that the variations in the anatomy of secondary xylem occurred in relation to tree age (Akachuku and Burley 1979 , Akachuku 1985 , Ohbayashi and Shiokura 1989 , Nobuchi et al. 1997 , growth conditions (Chowdhury 1947 (Chowdhury , 1953 , growth rate (Esan 1966 , Lamb 1968 , Hughes and Esan 1969 , Ohbayashi and Shiokura 1989 , Nobuchi et al. 1997 , differences in site fertility (Akachuku and Burley 1979, Ogbonnaya 1993) , and water availability (Ogbonnaya et al. 1992) . Based on a macroscopic examination of two Indian samples, Pearson and Brown (1932) have described in detail G. arborea wood. Other studies report the anatomical features variation. Chowdhury (1947 Chowdhury ( , 1953 established three different porosities for different climatic conditions: diffuse, annular and semi-annular. The anatomical elements presented significant variation. vessels percentage was negatively correlated with latitude, longitude, growth rate and tree height (Akachuku 1985 , Akachuku and Burley 1979 , Nobuchi et al. 1997 . The length and diameter vessels increased to increment distance from the pith (Ohbayashi and Shiokura 1989, Nobuchi et al. 1997) . Although vessels frequency decreased when pith distance or tree age increased (Frimpong-Mensah 1992 , Nobuchi et al. 1997 . Frimpong-Mensah (1992) found that cell wall thickness was significantly correlated with cambial age. Hughes and Esan (1969) found strong correlations between fiber length and tree age with distance from the pith in 9-year-old trees in Nigeria. Also in Nigeria, for 7 year-old trees, it was found that fiber length was different at four sites (Akachuku and Burley, 1979) . In contrast, Frimpong-Mensah (1992) found no variation in fiber length with cambial age in 20-year-old G. arborea trees in Ghana. Growth rate affects fiber dimensions too. Ohbayashi and Shiokura (1989) carried out a study on fiber length in 15-year-old trees and found that a high growth rate was strongly correlated with short fiber length.
The present research objective was to determine the differences in the anatomy of secondary xylem in melina trees growing in different geographic locations (latitude, longitude and altitude) and precipitation levels in the North and Northwest regions of Costa Rica.
MATERIALS AND METHODS
Sampled areas, silvicultural regimes, plots and tree selection: thirty mature trees from 30 different forest plantations stands, located in the North and Northwest regions of Costa Rica, were sampled in this study (Fig.  2 ). Both regions historically had been the most developed in Costa Rica in terms of reforestation, particularly with the species G. arborea. Regardless of this fact both regions present contrasting climatic conditions, as it can be observed in Fig 3. The Northwest region has an annual average precipitation that ranges between 1 500 to 2 000 mm, average annual temperatures of 25 to 28 o C with a strong dry season between January to April with almost 0 mm of precipitation. This area is commonly known as dry tropical forest (Bolaños and Watson 1993) . The Northern region, classified as wet tropical forest (Bolaños and Watson 1993) , has an annual average precipitation of 2 800 to 5 000 mm, average annual temperature of 20 to 25 o C with a short dry season during the months of February to March.
From each region of Costa Rica or climatic condition, 15 melina trees were selected from 15 different plantations with different level of management (Table 2) . Nine to 12 year-old plantations were sampled and measured. In all plantations it was determined their geographic . Climadiagrams for the wet and dry study zones according to Walter and Lieth (1960) . Note: to describe the climate for each study area we prepared climadiagrams using meteorological data with at least 20 years of monthly average temperature records and precipitation from San Jorge (Los Chiles) station, for wet tropical and from Hacienda Tempisque station for dry tropical.
location by global position system (GPS), average diameter breast height (DBH), average tree total height (TTH), age and plantation density (PD). One healthy tree representing average diameter breast height (DBH), straight trunk and normal branching was selected for each trial, hence 30 sampled trees from 30 different plantations were analyzed in this research (Table 1 , Fig. 2 ).
Wood samples: from each sampled tree, a stem disc (3 cm thick) was cut at DBH. Cross section with 1.0 cm in wide and 2.0 cm in length was obtained in central stem. Afterwards, cross section was separated in two samples in the pith localization (Fig. 4) . These samples were conditioned at 22 °C and 60% relative humidity (wood sample reached 12% of moisture content). Wood density was determined in this condition. Annual rings boundaries, sap-heartwood demarcation and wood color by Munsell chats (Mac Corporation 1994) . The macroscopic wood description was observed too. In north part of middle cross section were cut two samples in middle length. The upper part was used to obtain fiber dimensions and the lower part for thin wood sections (Fig. 4) . Each distinct growth ring observed by the thickening of the cell wall fiber of superior part was separated and on the beginning part (like earlywood in temperate species) one sample was cut and macerated one sample using Franklin´s method (Ruzin 1999) . We decided to use only the beginning part of the annual ring -which is similar to earlywood in temperate species-given that the profile patterns of fiber dimensions are more or less stable from the beginning of the ring to 50% (Moya & Tomazzello 2007) . Thin sections were cut at 0, 25, 50, 75 and 100% of distance between pith and bark (Fig. 4) . Thin transversal sections, radial and tangential sections (permanent slides) about 10-15 µm thick from the inferior part were cut by using a microtome (Leica SM2000R). These sections were stained with congo-red and iodine-green, and prepared as semi-permanent slides using gelatin glycerin (Ruzin 1999) .
In each sampled tree, thin transversal, radial and tangential sections at 75% of distance between pith and bark were observed on microscope for qualitative anatomical determinations, such as parenchyma presence and distribution, ray type and porosity. For quantitative parameters different methods were used. Three replica of each annual ring macerated and stained with safrani were madder to measure fiber dimensions ( Table 2 ). The parameters of vessels and axial and ray parenchyma were measured in the transversal and tangential sections (Table 2) . A digital camera on an optical microscope was used to photograph anatomical features. Twenty five different elements were measured for each anatomical feature. A magnification 250x for LF, vF, MvP, RF, RP, APP, RH and CRH, 1000x for FW and LD and 500x for vD, RW and CRH were used. Nomenclature and cell sizes were determined (vF, MvP) , axial parenchyma (APP), and radial parenchyma (RF, RP RH, RW, CRH and CRH) measured in the four radial positions were averaged in only one value per tree. Afterwards, the normality and the presence of extreme data or outliers were verified for each anatomical character. Pearson matrix correlation was applied, in which were included all the anatomical characteristics and the different ecological conditions (altitude, length, latitude, and precipitation). Regression analysis and scatter plot for anatomical character with statistical coefficient in Pearson matrix were used to show the relationship of these variables.
Finally, we used canonical correlation multivariate analysis between the ecological variables and anatomical features, which is established as a linear combination of two sets of variables so the correlation between both is maximized (Johnson and Wichern 1992) . The independent variables were the latitude, length, altitude and precipitation while the dependent variables were anatomical characters. Statistical SAS and STATISTICA program were used to evaluate the meaning of the regression model.
RESULTS
General features: wood with density of 0.51 g/cm 3 in air-dry conditions, heartwood differentiated in pale yellow color (2.5Y 8/4) with pink color (7.5YR 7/4) lines and a white color sapwood (2.5Y 8/1.5). More distinct growth rings were found in melina trees grown on dry sites with precipitation presenting less than 2 140 mm/year and less-distinct on humid sites with precipitation higher than 3 100 mm/year. vessels are distinct at 10x. Axial parenchyma is non-distinct to the naked eye while ray parenchyma is lightly visible to simple eye.
Microscopic features: in general wood anatomy of G. arborea trees was similar in all samples. However some differences were found in fiber and vessels elements, which will be discussed later the following descriptions correspond to the average of two climatic conditions. The G. arborea wood from trees growing in wet tropical condition presents Axial parenchyma is vasicentric and aliform and it is composed by 3 to 5 cells per strand. Anatomy variation: in the present study, some anatomical characteristics were consistent in melina trees according to climatic variations conditions, especially in parenchyma ray. The altitude was the ecological parameter that less affected the wood anatomy (Table 3) . vessels, axial parenchyma, and fibers were affected significantly by the longitude, latitude, altitude and precipitation. The longitude only affected vP, and FD. The latitude significantly affected the vP, RP, FW, and LD. The altitude showed a statistic relationship with CRH, while the annual average precipitation showed effects on vP, FW, and LD (Table 3) .
The dependencies of the anatomical features to ecological conditions are shown in Figures 5, 6 and 7. The dependencies are expressed in regression equations as well as on percentages of the total variation explained by each ecological condition. As the latitude increases, the RP, FW, and LD decrease (Fig.  5A , 5B and 5D), but vP increases (Fig. 5C ). As the longitude increases, LD increases (Fig.  6A ) and vP decreases (Fig. 6B) . As the altitude increases, CRH decreases. As the precipitation increases, vP decreases while FW and LD increase (Fig. 7A, 7B, 7C ). There are no significant dependencies on ecological parameters for vP, vD, log (vF), MvP, RF, RW, RH, CRW, APP, FL, and WT (Table 3 ). The variation in wood structure, explained by the ecological conditions variation, was in general very low (Fig. 5, 6, 7) . However, our analysis did not take into account the fact that plantation management condition, seed source, growth rate, plantation density, and breast diameter were different for each tree sampled.
Pearson matrix coefficients for anatomical features and ecological condition showed significant mutual correlations among anatomical features, mainly for vessel elements and others characters. High mutual correlation was found for vP and RH; vP and FW; vD and vF, vD and RF; vF and FW; vF and LD; RP and RW; RP and CRW; RW and CRW; RH and RCH. Plantation conditions, mainly for diameter breast height (DBH) significant correlations with anatomical features were also found. There were high correlation with vD, vF, RP, RW, CRW, FL, FW and LD (Table 3) . On the other hand, we established that only vP, RP, CRH, FW and LD were statistically significant with ecological parameters. Then, although RH, vD, vF, RF, RP, RW, and RCH lack of significant correlations with ecological conductions, Pearson coefficients showed their dependence with others anatomical characters correlated with latitude, longitude, altitude and precipitation.
Multivariate analysis by canonical correlation: the analysis of multivariate canonical correlation showed that the variations of the anatomical elements of melina trees growing in Costa Rica can be explained (up to 91%) by the ecological parameters (latitude, longitude, altitude, and precipitation). The model of canonical correlation between the ecological TABLE 3 parameters (latitude, longitude, altitude, and precipitation) and anatomical features established two canonical components with high degree of explanation. The first component explained the 78.5% of the variability and the second one a 12.2% (Table 4) . According to these results, the greatest variation of the wood anatomy by the ecological conditions occurred in main component 1. (Table 5) .
Pearson matrix for anatomical features and ecological condition in Costa Rica in melina trees

DISCUSSION
Some anatomical characteristics of secondary xylem differ from the description made by Pearson and Brown (1932) for melina trees growing in India. The growth ring is the most remarkable difference. Pearson and Brown (1932) mentioned wood with annular porosity or semi-annular porosity; however, our studies showed that this characteristic is only present in all sites with annual precipitations inferior to 3 500 mm/year. Other difference in relation to the wood grown in India is apotraqueal parenchyma diffuse, which was not observed in the samples from Costa Rica. The apotraqueal parenchyma difference between Pearson and Brown´s description (1932) and our results can be attributed to wide fiber diameter which can be confused with parenchyma. Frequency of vessels and rays and number of cells of radial parenchyma were different between trees from Costa Rica and India too. They were larger than those found in melina trees growing in Costa Rica. On the other hand, the description presented by the project "Inside Wood" (Wheeler et al. 2006) and "www.delta-intkey. com" (Richter and Dallwitz 2002) shows some similarities in the anatomy of the samples from Costa Rica, such as the distinct and indistinct growth ring, tyloses and crystals presence, fiber dimensions, type, and distribution of the vessels and axial parenchyma.
Although Costa Rica presents little variation in latitude and longitude (approximately 2 o in each one of the coordinates), it was evident the relation between some anatomical parameters, indicating an adaptation of woody tissue to the different ecological conditions. In addition, the obtained results for the trees growing in Costa Rica were similar to other studies made in other regions of Asia or Africa (Chowdhury 1947 , 1953 , Akachuku and Burley 1979 , Akachuku 1985 , Ohtani et al. 1989 , which demonstrated that the vessels and parenchyma are the main elements of secondary xylem that reflect ecological variations. However, Akachuku and Burley (1979) had demonstrated that G. arborea wood structure was not affected by latitude or longitude for trees growing in Nigeria with great latitude and longitude variation. Lindorf (1994) , studying several species of the dry tropical regions of venezuela, found similar results to those obtained for melina in Costa Rica. He found that numerous vessels, small diameter, short vessels elements and minute intervessels pits were observed in species of dry forest. He mentioned that the modifications in the parameters of the vessels, radial parenchyma, and axial parenchyma can be interpreted as a strategy for conductive safety variability when the water stress is present. Several researches have found alterations in the anatomy due to the variation of the geographic position (latitude and longitude) and the altitude for others species. For example, the vP, vD, vF, and MvP parameters of Dodonaea viscosa (Liu and Noshiro 2003) , Cornus controversa, C. macrophyla (Noshiro and Baas 2000) , some Symplocos family members (van der Oever et al. 1981) and Ilex sp (Baas 1973) , and a few species of vaccinioideae and vaccinium families (Lens et al. 2004) showed a relation with the latitude. These results differed from ours since only vP was statistically significant with the latitude, longitude and altitude. vP measures indirectly water conductivity into trunk (villar et al. 1994 ) and this capacity is correlated with precipitation, which is significantly correlated with latitude and longitude in Costa Rica region (Table 3 ). The little variation of latitude and longitude in Costa Rica can be one of the causes by which it is not possible to detect effects of these ecological parameters on the other parameters of the vessels, as it happened in the previous studies, where trees were sampled in latitude greater amplitude. The FL in D. viscosa and C. macrophyla Baas 2000, Liu and Noshiro 2003) did not show relation with the latitude like FL of melina found in this research. These results differed from the ones found for C. controversa, C. kousa, vaccinioideae, vaccinium and Symplocos families that were negatively correlated with latitude (Lens et al. 2004 , van der Oever et al. 1981 . Radial parenchyma is one of the less studied parameters. However, for vaccinioideae and vaccinium (Lens et al. 2004 ) a correlation with the altitude and length was found and similar results were found for the melina trees from Costa Rica. However, the RH showed negative correlation with the latitude for vaccinioideae and vaccinium (Lens et al. 2004 ), but it was not influenced for latitude in melina (Table 3) .
Some other investigations with other species and in other latitudes have shown the effect of precipitation on the anatomical characters. For instance, for trees of Quercus coccifera, Q. ilex, and Q. faginea in Spain (villar 1997), it was found a statistically significant correlation between this ecological condition with the density and the diameter of pores of these three species. Similar results were obtained for melina in the different precipitation levels in Costa Rica. On the other hand, for 115 species of vaccinioideae family (Lens et al. 2004) it was found that the precipitation affected significantly the vD, vessel length, vF, and RW. The results of the present study differed from those of the vaccinioideae family because these anatomical parameters were not affected by precipitation. Significant influence of plantation condition may probably affect those anatomical features because vD, vF and RW were influenced significantly by DBH (Table 3) . Wiemann and Willianson (2002) established, after an intense bibliographical revision, that the anatomical characteristics of the trees are determined by the ecological conditions of the sites in which they are grown, especially in aspects related to water availability due to their narrow correlation with water conduction tissue within the tree (van der Oever et al. 1981, Taiz and Zeiger 2004) . Water availability for precipitation affects the physiological processes of the tree (Yang et al. 2003) . Nevertheless, for the results obtained for melina trees, the precipitation levels did not reflect effects in these elements (vessels and ray parenchyma) of the trees. However, vP for vessels element and two parameters of fibers (FW and LD) only showed a significant statistical relation with the annual average precipitation of the studied sites (Fig. 7B, 7C ). Fast-growth conditions of trees in plantation probably present greater influence on xylem structure than ecological condition, DBH affected quantitative wood structure in a considerable way, that is to say, vD, vF, RP, RW, CRW, FL, FW and LD (Table 3) .
vP, RP, FL, FW, CRW and LD presented some relationship with some ecological parameters (Table 3 , Fig. 4-7) . Multivariate analyses confirmed also the variation of vP, RP, FL, FW and LD for ecological conditions, but for CRW was no found any relation in this analysis. Those features were highly correlated with two canonical components (Table 5) . Two canonical components obtained from multivariate analyses can be interpreted with the variation of wood structure for conductive water into the trunk for variation the ecological conditions. Anatomical features, vP, vD, RP and fibers dimensions (FL, FW and LD) and ecological conditions (altitude, longitude, latitude and precipitation) were correlated with two canonical components (Table 5) . Those anatomical features are important parameters for two vital functions carried out by xylem in living trees, which varied with growing conditions of trees. The resistance to flow is proportional to the fourth power of the vessels radius and to vessels frequency (Zimmermann 1971) . The mechanical resistance depends on fiber dimensions (van der Oever et al. 1981, Domec and Gartner 2002) .
Although other anatomical characters were not correlated with ecological conditions, Pearson correlation coefficient showed that some anatomical features were strongly correlated among them. It means that, changes in one or two of the features would bring changes in other features. The direct or indirect effects of ecological conditions for G. arborea are indicators of xylem adaptation to different ecological conditions present in Costa Rica.
RESUMEN
Gmelina arborea ha sido introducida y ampliamente sembrada en Costa Rica en plantaciones de rápido crecimiento. Estas nuevas condiciones ecológicas provocan variación en la anatomía del xilema de estos árboles. El presente trabajo tuvo como objetivo determinar la variación en la anatomía del xilema debido a la variación de la latitud, longitud, altitud y precipitación. Se evaluaron las dimensiones de las fibras, el porcentaje de área ocupada por el parénquima y los parámetros de los vasos y los radios. Algunas características anatómicas se mantuvieron estables con las variaciones de las condiciones ecológicas evaluadas, especialmente el parénquima radial. La altitud es la condición ecológica con menor afecto en la anatomía de la madera. Los vasos, el parénquima axial y las fibras fueron menos estables debido a que fueron afectados significativamente por la longitud, latitud, altitud y precipitación. La latitud afectó significativamente el porcentaje de vasos, porcentaje de radios, largo y diámetro de la fibra y diámetro del lumen; la longitud afectó el porcentaje de vasos y el diámetro de la fibra; la altitud únicamente mostró relación significativa con la cantidad de células en la altura de los radios. La precipitación media anual mostró efectos sobre el porcentaje de poros y el diámetro de la fibra y el lumen. Dichos resultados sugieren que las condiciones de crecimiento en Costa Rica para G. arborea son indicadores de un posible genotipo del árbol.
